Introduction {#sec1}
============

(+)-JQ1, (tert-butyl (S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno\[3,2-f\]\[1,2,4\]triazolo \[4,3-a\]\[1,4\]diazepin-6-yl)acetate), is a potent and competitive inhibitor for the bromodomain and extra terminal (BET) protein family \[[@ref1]\], epigenetic readers that regulate gene expression and play an important role in cell proliferation, pro-inflammatory events and immune responses \[[@ref2]\]. In mouse and human, BET family consists of ubiquitously expressed BRD2, BRD3, and BRD4 and the testis-restricted BRDT \[[@ref3], [@ref4]\]. As a first-in-class potent inhibitor, JQ1 has become a tool for many preclinical studies on BET inhibition \[[@ref1]\], and in collaboration with Drs. Jun Qi and James Bradner, our group reported that JQ1 potently inhibits the testis-specific member BRDT, which is essential for spermatogenesis \[[@ref5]\]. JQ1 inhibits bromodomain activity and produces a reversible contraceptive effect by targeting male germ cell in mammals \[[@ref5]\]. JQ1 was the first identified bromodomain inhibitor and has been used as a chemical probe in numerous in vivo biological studies. JQ1 can also induce apoptosis of diverse human cancer cells (e.g. liver fibrosis \[[@ref6]\], lung adenocarcinoma I \[[@ref7]\] and myeloid leukaemia \[[@ref1], [@ref8], [@ref9]\]) and suppress HIV \[[@ref10]\] by inhibiting BRD4 activity. However, JQ1 half-life in CD1 mice is only about 1 h, so its effects are short-lasting \[[@ref1], [@ref5], [@ref11], [@ref12]\], which limits the ability to translate preclinical findings into clinical benefit.

Drug metabolism generates metabolites that can be pharmacologically active, inactive or toxic \[[@ref13]\]. Studying drug metabolism is essential in the validation of optimized compounds as both efficacy and safety depend on drug metabolism \[[@ref14], [@ref15]\]. Metabolite identification can be a critical step in identifying the 'soft spot', a chemical moiety that facilitates rapid metabolism of a given compound, which can be modified by medicinal chemists to increase the half-life of a candidate and during lead optimization phase in drug discovery \[[@ref16]\]. For example, 3-(4-fluoropiperidin-3-yl)-2-phenyl-1H-indole is a h5-HT~2A~ receptor antagonist that has a short half-life (1.4 h) in rats, and its major metabolite is formed by oxidation of the 6-position of the indole ring in vitro and in vivo. Replacing the hydrogen at 6-position of the indole with fluorine to give 6-fluoro-3-(4-fluoropiperidin-3-yl)-2-phenyl-1H-indole improved potency and resulted in an 8-fold increase in half-life (12 h) in rats \[[@ref17]\]. Identifying the major enzymes that metabolize a drug can help predict likely drug--drug interactions that should be evaluated in the process of drug development \[[@ref18]\]. Nevertheless, few studies of JQ1 metabolism have been performed to date. Here, we employ LC-MS-based metabolomic approaches to profile the in vivo fate of JQ1 in human and mouse liver microsomes. Mouse liver microsomes are included in this work because mice are commonly used animal models in the preclinical studies that use JQ1.

Metabolomics has proven to be a powerful and effective tool to investigate drug metabolism, bioactivation \[[@ref19]\] and toxicity \[[@ref24]\]. We used LC-MS-based metabolomic approaches to determine, for the first time, that nine metabolites are generated from JQ1 in human and mouse liver microsomes. Monohydroxylated-JQ1 (M1) is the dominant metabolite in both types of liver microsomes. Our studies show that CYP3A4 is the major enzyme contributing to the formation of JQ1 metabolites in human and mouse liver microsomes, provide information to predict possible drug--JQ1 interactions and suggest that the use of CYP3A4 inhibitors (but not *Cyp3a-*null mice) may have application in mapping the effects of JQ1 on spermatogenesis.

Materials and methods {#sec2}
=====================

Materials {#sec3}
---------

JQ1, \[tert-butyl (S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno\[3,2-f\]\[1,2,4\]triazolo\[4,3-a\]\[1,4\]diazepin-6-yl)acetate\], ketoconazole (KCZ), NADPH (β-nicotinamide adenine dinucleotide 2′-phosphate reduced tetrasodium salt hydrate) and formic acid were obtained from Sigma-Aldrich (St. Louis, MO). Nootkatone was purchased form Cayman Chemical Company (Ann Arbor, MI). Human and mouse liver microsomes and recombinant human cytochrome P450s (EasyCYP Bactosomes) were purchased from XenoTech (Lenexa, KS). All solvents for liquid chromatography and mass spectrometry were of the highest grade commercially available.

Metabolism of JQ1 in human and mouse liver microsomes and recombinant cytochrome P450s {#sec4}
--------------------------------------------------------------------------------------

Incubations were conducted in 1× phosphate-buffered saline (1 × PBS, pH 7.4) containing 20 μM JQ1 and 0.2 mg human or mouse liver microsomes or 2 pmol of each cDNA-expressed P450 enzyme (control, CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4) in a final volume of 190 μl. After a 5 min pre-incubation at 37 °C, 10 μl of 20 mM NADPH was added (final concentration 1.0 mM), and incubation was continued for 30 min with gentle shaking. Incubations without NADPH were used as controls. Co-incubations of JQ1 (20 μM) and KCZ (CYP3A4 inhibitor, 2.0 μM) or nootkatone (CYP2C19 inhibitor, 10 μM) in human and mouse liver microsomes were performed to determine the role of CYP3A4 and CYP2C19 in the formation of JQ1 metabolites. Reactions were terminated by adding 200 μl of ice-cold methanol and vortexing for 30 s and then centrifuged at rcf 15 000 for 15 min. Each supernatant was transferred to an autosampler vial, and 3.0 μl was injected onto UHPLC-Q Exactive MS system for analysis. Incubations were performed in duplicate for cDNA-expressed enzymes and in triplicate for liver microsome experiments.

Metabolism of JQ1 in S9 fraction from Cyp3a-null and wild-type mice {#sec5}
-------------------------------------------------------------------

Liver tissue (150 mg) (*Cyp3a*-null or WT) was homogenized in 600 ml of 1× PBS at 0 °C. The homogenate was centrifuged at 9000 × *g* for 20 min at 4 °C, and the resulting supernatant was designated the enzyme fraction (S9 fraction). JQ1 (25 μM) or MDZ (30 μM) was incubated in the 1× PBS in the presence of 60 ml of S9 fraction freshly prepared, a final volume of 190 ml. After 5 min of pre-incubation at 37 °C, the reaction was initiated by adding 10 ml of 20 mM NADPH (final concentration 1.0 mM) and continued for 30 min for JQ1 and 15 min for MDZ with gentle shaking. Reactions were stopped by adding 200 ml of ice-cold methanol and vortexing for 30 s. The reaction mixtures were centrifuged at 15 000 × *g* for 20 min. Each supernatant was transferred to an autosampler vial for metabolite analysis. Incubations were performed in triplicate.

UHPLC-Q Exactive Orbitrap MS analyses {#sec6}
-------------------------------------

JQ1 and its metabolites were resolved, identified and quantified (relatively) using UHPLC coupled with Q Exactive Orbitrap MS (Thermo Fisher Scientific, San Jose, CA) equipped with 100 mm × 2.1 mm column (BEH C-18, Agilent Technologies, Santa Clara, CA). The column temperature was maintained at 40 °C. The flow rate was 0.3 ml/min with a gradient ranging from 2 to 95% aqueous acetonitrile containing 0.1% formic acid in a 15 min run. Q Exactive MS was operated in positive mode with electrospray ionization. Ultrapure nitrogen was applied as the sheath (45 arbitrary unit), auxiliary (10 arbitrary unit), sweep (1.0 arbitrary unit) and collision gas. The capillary gas temperature was set at 275 °C and the capillary voltage was set at 3.7 kV. MS data were acquired from 80 to 1200 Da in profile mode; reference ions at *m*/*z* 371.1012 and 445.1200 in the positive mode were used as lock masses during acquisition. MS/MS of JQ1 metabolites was performed in targeted mode with an isolation width of 2 *m*/*z* with ramp collision energy being set at 15, 20 and 35 eV.

Data analysis {#sec7}
-------------

Mass chromatograms and mass spectra were acquired and processed using the Xcalibur software (Thermo Fisher Scientific, San Jose, CA) in profile formats from *m*/*z* 50 to 750. The acquired data were processed by Compound Discoverer 3.0 software (Thermo Fisher Scientific, San Jose, CA) to generate a multivariate data matrix. Data matrices were exported into SIMCA14 (Umetrics, Kinnelon, NJ) for multivariate data analysis \[[@ref28]\]. Orthogonal projection to latent structure discriminant analysis (OPLS-DA) was conducted on Pareto-scaled data \[[@ref29]\]. For chemometric analysis, matrix data were processed from *m*/*z* 100 to 750. Statistical analysis was conducted using Student's independent *t*-test. Experimental data are presented as mean ± SEM.

Results {#sec8}
=======

Profiling JQ1 metabolism in human liver microsomes using metabolomic approaches {#sec9}
-------------------------------------------------------------------------------

The results of metabolomic analysis on the ions produced by UHPLC-QTOFMS of control and JQ1 group are shown in [Figure 1](#f1){ref-type="fig"}. Metabolomic analysis revealed two clusters ([Figure 1A](#f1){ref-type="fig"}) corresponding to the control and JQ1 group in the score plots, which indicates that the chemical components are different between control and JQ1 groups. The human liver microsome data S-plot ([Figure 1B](#f1){ref-type="fig"}) generated from OPLS-DA displays ions that contribute to group separation. Many of the top-ranking ions were identified as JQ1 and its metabolites, as marked in the S-plots ([Figure 1B](#f1){ref-type="fig"}). All nine distinguishable JQ1 metabolites were present in both human and mouse liver microsomes ([Figure 1C](#f1){ref-type="fig"} and [Table 1](#TB1){ref-type="table"}), including three monohydroxylated JQ1 (M1--M3), two acids (M4 and M8), two dihydroxylated JQ1 (M5 and M6), one monohydroxylated/dehydrogenated JQ1 (M7) and one dihydroxylated/dehydrogenated JQ1 (M9). The detailed information associated with JQ1 and its metabolites are summarized in [Table 1](#TB1){ref-type="table"}. The relative abundance of ions for these metabolites in human and mouse liver microsomes is presented in [Figure 1C](#f1){ref-type="fig"}. The putative structures of JQ1 metabolites were identified based on the exact mass, MS/MS fragments, and predicted formula, as the standards of these metabolites are not available.

![Metabolomic analysis of control and JQ1 groups in human liver microsomes and relative abundance of metabolites of JQ1. The incubation conditions of JQ1 were detailed in experimental procedures. All the samples were analysed using UHPLC-Q Exactive MS. (A) Separation of control and JQ1 group in OPLS-DA score plot. The t\[1\] and to\[1\] values represent the score of each sample in principal components 1 and 2, respectively. (B) Loading S-plot generated by OPLS-DA analysis. The *x*-axis is a measure of the relative abundance of ions, and the *y*-axis is a measure of the correlation of each ion to the model. The top-ranking ions are labelled. The number of ions (metabolite identification) shown was accordant with [Table 1](#TB1){ref-type="table"}. (C) Relative abundance of metabolites of JQ1in human and mouse liver microsomes. Incubation conditions were detailed in Methods. The relative quantification was conducted based on the peak area. The data are expressed as mean ± SEM (*n* = 3). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01.](ioaa043f1){#f1}

###### 

Summary of metabolites of JQ1 in HLM and MLM.

  RT (min)    Observed *m*/*z* \[M + H\]^+^   Calculated *m*/*z* \[M + H\]^+^   Mass error (ppm)  Predicted molecular formula   Identification              Metabolite ID   Source
  ---------- ------------------------------- --------------------------------- ------------------ ----------------------------- --------------------------- --------------- ----------
  12.02                 457.1460                         457.1459                     0.22        C~23~H~26~ClN~4~O~2~S         JQ1                         JQ1             HLM, MLM
  10.16                 473.1410                         473.1409                     0.21        C~23~H~26~ClN~4~O~3~S         O + JQ1                     M1              HLM, MLM
  10.37                 473.1408                         473.1409                    −0.21        C~23~H~26~ClN~4~O~3~S         O + JQ1                     M2              HLM, MLM
  11.38                 473.1411                         473.1409                     0.43        C~23~H~26~ClN~4~O~3~S         O + JQ1                     M3              HLM, MLM
  9.32                  401.0833                         401.0834                    −0.25        C~19~H~18~ClN~4~O~2~S         JQ1 \[--C(CH~3~)~3~\]       M4              HLM, MLM
  8.28                  489.1359                         489.1358                     0.20        C~23~H~26~ClN~4~O~4~S         2O + JQ1                    M5              HLM, MLM
  9.74                  489.1357                         489.1358                    −0.20        C~23~H~26~ClN~4~O~4~S         2O + JQ1                    M6              HLM, MLM
  11.07                 471.1255                         471.1252                     0.64        C~23~H~24~ClN~4~O~3~S         O + JQ1 (--2H)              M7              HLM, MLM
  7.48                  417.0781                         417.0783                    −0.48        C~19~H~18~ClN~4~O~3~S         O + JQ1 \[--C(CH~3~)~3~\]   M8              HLM, MLM
  10.32                 487.1202                         487.1201                     0.20        C~23~H~24~ClN~4~O~4~S         2O + JQ1 (--2H)             M9              HLM, MLM

JQ1; --C(CH~3~)~3~, de-tert-butylation; O+, monohydroxylation; 2O+, dihydroxylation; --2H, dehydrogenation; HLM/MLM, human/mouse liver microsomes.

Identification of monohydroxylated-JQ1 metabolites (M1--M3) {#sec10}
-----------------------------------------------------------

Three monohydroxylated JQ1 metabolites (M1--M3) whose formation is NADPH-dependent ([Figure 3B](#f3){ref-type="fig"}) were identified and characterized in human and mouse liver microsomes. M1 is the dominant metabolite in both human and mouse liver microsomes. Metabolite M1 eluted at 10.16 min ([Figure 2A](#f2){ref-type="fig"}) and was detected as a protonated molecule at *m*/*z* 473.1410, 16 Da higher than parent JQ1 ([Figure 2C and D](#f2){ref-type="fig"}). The MS/MS of M1 produces major fragmental ions at *m*/*z* 455 (loss of H~2~O), 417 (loss of tert-butyl), 399 (loss of tert-butyl and H~2~O), 357 and 290. Comparison of the fragmental ions at *m*/*z* 357 and 290 with the fragmental ions of JQ1 ([Figure 2C](#f2){ref-type="fig"}) indicates that the oxidation occurs on the fused three-ring moiety (boxed in [Figure 2D](#f2){ref-type="fig"}). The M1 fragmental ions are interpreted in the inlaid structural diagram ([Figure 2D](#f2){ref-type="fig"}). Metabolite M2 eluted at 10.37 min ([Figure 2A](#f2){ref-type="fig"}) and was detected as a protonated molecule at *m*/*z* 284.1272 ([Figure 2E](#f2){ref-type="fig"}). MS/MS of M2 produced major fragmental ions at *m*/*z* 455, 417, 399, 357 and 290, matching the pattern of M1 and indicating that the oxidation occurs on the same fused three-ring moiety as in M1 ([Figure 2E](#f2){ref-type="fig"}), though the different elution positions of M1 and M2 mean different oxidation positions within that moiety. The M2 fragmental ions are interpreted in the inlaid structural diagram ([Figure 2E](#f2){ref-type="fig"}). Metabolite M3 eluted at 10.38 min ([Figure 2A](#f2){ref-type="fig"}) and was detected as a protonated molecule at *m*/*z* 473.1410 ([Figure 2F](#f2){ref-type="fig"}). MS/MS of M3 produces major fragmental ions at *m*/*z* 455, 417, 399, 357 and 274 ([Figure 2F](#f2){ref-type="fig"}). The fragmental ions at *m*/*z* 357 and 274 compared with the fragmental ions of JQ1 indicate that the oxidation in this metabolite occurs on the 4-chlorophenyl moiety ([Figure 2C](#f2){ref-type="fig"}), as interpreted in the inlaid structural diagram ([Figure 2F](#f2){ref-type="fig"}). The exact oxidation sites of metabolites were not defined because standards are not available for comparison by LC-MS.

![Identification of monohydroxylated-JQ1 metabolites (M1, M2 and M3). The incubation conditions of JQ1 were as described in [Figure 1C](#f1){ref-type="fig"}. All the samples were analysed using UHPLC-Q Exactive MS. Structural elucidations were performed based on accurate mass (mass errors less than 5 ppm) and MS/MS fragmentation. MS/MS was performed with collision energy ramping from 10 to 35 V. The major fragmental ions are interpreted in the insets. (A) Extracted ion chromatograms of JQ1 metabolites M1, M2 and M3. (B) Representative trend plot of JQ1 metabolite M1. (C) MS/MS of JQ1. (D) MS/MS of M1. (E). MS/MS of M2. (F). MS/MS of M3.](ioaa043f2){#f2}

Identification of JQ1 metabolites (M4--M9) {#sec11}
------------------------------------------

JQ1 metabolites (M4--M9) were detected in both human and mouse liver microsomes. The formation of M5--M9 is completely NADPH-dependent. However, low amounts of M4 were detected without addition of NADPH to human and mouse liver microsomes (1.7 and 3.5%, respectively, of the M4 levels seen with addition of NADPH; data not shown). The formation M4 in the control group is not likely due to slow ester hydrolysis in the original JQ1 stock, because did not observe the M4 in the JQ1 stock solution. The small amount of M4 formation may be mediated by esterases in liver microsomes. M4 eluted at 9.32 min, and was detected as a protonated molecule at *m*/*z* 401.0833 ([Table 1](#TB1){ref-type="table"}). MS/MS of M4 produced major fragmental ions at *m*/*z* 383, 341, 289, and 274 ([Figure 3A](#f3){ref-type="fig"}), which are interpreted in the inlaid structural diagram. These data identify M4 to be de-tert-butylated JQ1. Two doubly hydroxylated-JQ1 metabolites (M5 and M6) were identified in both human and mouse liver microsomes, though much more M5 is made by human liver microsomes than by mouse liver microsomes ([Figure 1C](#f1){ref-type="fig"}). M5 eluted at 8.28 min, and was detected as a protonated molecule at *m*/*z* 489.1359 ([Table 1](#TB1){ref-type="table"}), 32 Da higher than that of JQ1. MS/MS of M5 produced major fragmental ions at *m*/*z* 489, 471, 399, 357 and 290 ([Figure 3B](#f3){ref-type="fig"}). The fragmental ions at *m*/*z* 399 and 290 ([Figure 3B](#f3){ref-type="fig"}) indicate that one oxidation occurred on the tert-butyl group. The ions at *m*/*z* 357 and 290 suggested that the second oxidation occurred on the fused three-ring moiety. Fragmental ions from M5 are interpreted in the inlaid structural diagram in [Figure 3B](#f3){ref-type="fig"}. M6 eluted at 9.74 min and was detected as a protonated molecule at *m*/*z* 489.1359 ([Table 1](#TB1){ref-type="table"}). MS/MS of M6 produced major fragmental ions at *m*/*z* 489, 433, 415, 373 and 290 ([Figure 3C](#f3){ref-type="fig"}). The fragmental ion at *m*/*z* 433 indicates that no oxidation occurred on the tert-butyl group. The ions at *m*/*z* 373 and 290 suggested that one oxidation occurred on the 4-chlorophenyl group and the other one occurred on the fused three-ring moiety. Fragmental ions from M6 are interpreted in the inlaid structural diagram in [Figure 3C](#f3){ref-type="fig"}.

![Identifying JQ1 metabolites (M4--M9). The incubation conditions of JQ1 were as described in [Figure 1C](#f1){ref-type="fig"}. All the samples were analysed using UHPLC-Q Exactive MS. The metabolite elucidation conditions are as described in [Figure 3](#f3){ref-type="fig"} legend. (A) MS/MS of M4. (B) MS/MS of M5. (C) MS/MS of M6. (D) MS/MS of M7. (E) MS/MS of M8. (F) MS/MS of M9.](ioaa043f3){#f3}

M7 eluted at 11.07 min and was detected as a protonated molecule at *m*/*z* 471.1255 ([Table 1](#TB1){ref-type="table"}). MS/MS of M7 produced major fragmental ions at *m*/*z* 415, 397, 355 and 288 ([Figure 3D](#f3){ref-type="fig"}). Compared to the fragments of monohydroxylated JQ1 (M1), the ions at *m*/*z* 355 and 288 indicate that monohydroxylation and dehydrogenation occurred on the fused three-ring moiety of JQ1; fragmental ions are interpreted in the inlaid structural diagram ([Figure 3D](#f3){ref-type="fig"}). M8 eluted at 7.48 min and was detected as a protonated molecule at *m*/*z* 417.0782 ([Table 1](#TB1){ref-type="table"}). MS/MS of M8 produced major fragmental ions at *m*/*z* 399, 357 and 290 ([Figure 3E](#f3){ref-type="fig"}). Compared to the fragments of de-tert-butyl JQ1 (M4), the ions at *m*/*z* 357 and 290 indicated that hydroxylation occurred on the 4-chlorophenyl moiety. Fragmental ions from M8 are interpreted in the inlaid structural diagram in [Figure 4E](#f4){ref-type="fig"}. M9 was observed at a retention time of 10.32 min, having a protonated molecular ion at *m*/*z* 487.1202 ([Table 1](#TB1){ref-type="table"}). The MS/MS of M9 produced major fragmental ions at *m*/*z* 431, 413, 371 and 304 ([Figure 3F](#f3){ref-type="fig"}). Compared to the fragments of dihydroxylated JQ1 (M5), ions at *m*/*z* 371 and 304 indicate that dihydroxylation and dehydrogenation all occurred on the fused three-ring moiety of JQ1. Fragmental ions from M9 are interpreted in the inlaid structural diagram in [Figure 3F](#f3){ref-type="fig"}.

![Roles of CYP3A4 in the formation of JQ1 metabolites in human and mouse liver microsomes. KCZ (2.0 μM, CYP3A4 inhibitor) was used in the inhibitory tests in human and mouse liver microsomes. The incubation conditions of JQ1 in human or mouse liver microsomes were detailed in experimental procedures. All samples were analysed by UHPLC-Q Exactive MS. (A) Effects of KCZ (2.0 μM) on the formations of M1--M9 in human liver microsomes. The relative abundance of JQ1 metabolites from the incubation with human liver microsomes without KCZ was set as 100%. (B) Effects of KCZ (2.0 μM) on the formations of the formations of M1--M9 in mouse liver microsomes. The relative abundance of JQ1 metabolite from the incubation in mouse liver microsomes in the absence of KCZ was set as 100%. All data are expressed as mean ± SEM (*n* = 3). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01. HLM, human liver microsomes; MLM, mouse liver microsomes; KCZ, ketoconazole.](ioaa043f4){#f4}

Role of cytochrome P450s in JQ1 metabolism {#sec12}
------------------------------------------

The roles of individual cytochrome P450s in the metabolism of JQ1 were determined by incubating JQ1 with nine human cDNA-expressed P450s (control, CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1 and CYP3A4), by chemical inhibitory experiments in human and mouse liver microsomes and by incubation with liver S9 fractions of wild-type and Cyp3a-null mice. Incubating JQ1 with human cDNA-expressed P450s revealed that, of these enzymes, only CYP3A4 is able to generate metabolites M3--M6, M8 and M9 ([Table 2](#TB2){ref-type="table"}) and both CYP3A4 and CYP2C19 can form M7. Six of the tested enzymes can form monohydroxylated metabolite M1, with strong activity demonstrated by CYP3A4, CYP2C8 and CYP2C19. None of the nine human cDNA-expressed P450s tested can generate the monohydroxylated metabolite M2.

###### 

Role of CYP450s in the formation of metabolites of JQ1.

            M1      M2    M3    M4    M5    M6    M7     M8    M9
  --------- ------- ----- ----- ----- ----- ----- ------ ----- -----
  Control   0.0     0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP1A2    0.0     0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP2A6    0.0     0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP2B6    0.6     0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP2C8    14.9    0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP2C9    8.8     0.0   0.0   0.0   0.0   0.0   24.6   0.0   0.0
  CYP2C19   27.9    0.0   0.0   0.0   0.0   0.0   100    0.0   0.0
  CYP2D6    2.3     0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP2E1    0.0     0.0   0.0   0.0   0.0   0.0   0.0    0.0   0.0
  CYP3A4    100.0   0.0   100   100   100   100   88.2   100   100

cDNA-expressed CYP450s (control, CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1 and 3A4) were used to determine the role of individual CYP450 in JQ1 metabolism. All samples were analysed by UHPLC-Q Exactive MS. The total peak area of the metabolite from all the CYP isozymes was set as 100%. All data are expressed as mean (*n* = 2).

The dependence of metabolite formation on CYP3A4 was verified by co-incubation of JQ1 with human or mouse liver microsomes and with ketoconazole (KCZ), a potent CYP3A4 inhibitor. In human liver microsomes, the formation of metabolites M1--M9 was suppressed by 79, 91, 99, 97, 99, 100, 98, 100 and 99%, respectively, by KCZ at 2.0 μM ([Figure 4A](#f4){ref-type="fig"}). In mouse liver microsomes, the formation of M1--M9 was suppressed by 85, 87, 93, 80, 99, 100, 98, 100 and 99%, respectively, by 2.0 μM KCZ ([Figure 4B](#f4){ref-type="fig"}). Incubation of cDNA-expressed P450 CYP2C19 with JQ1 shows that this enzyme is capable of forming both M1 and M7 ([Table 2](#TB2){ref-type="table"}); the CYP2C19 inhibitor nootkatone (10 μM) has no effect on M7 formation in human liver microsomes (not shown) but suppresses M1 formation by 9%. Quercetin (30 μM), a CYP2C8 inhibitor, inhibited M1 formation in human liver microsomes by 78% (data not shown).

Because CYP3A4 is by far the major enzyme shown to contribute to JQ1 phase I metabolism ([Table 2](#TB2){ref-type="table"}) and the CYP3A4 inhibitor ketoconazole greatly diminishes the generation of all detectable metabolites in human and mouse liver microsomes, we anticipated that Cyp3a-null mice might show greatly decreased metabolism of JQ1. Before undertaking long and expensive in vivo pharmacokinetic analyses, we tested the relative abilities of S9 fractions from wild-type and Cyp3a-null mice to generate the detected JQ1 metabolites. Most JQ1 metabolites are produced at lower levels by Cyp3a-null S9 fraction than by wild type ([Figure 5](#f5){ref-type="fig"}), but the Cyp3a-null S9 fraction makes 2.67-fold more M4 than wild type and generates major metabolite M1 at much higher levels (65% of wild type) than would be expected from the ketoconazole inhibition data ([Figure 4](#f4){ref-type="fig"}).

Discussion {#sec13}
==========

Nine JQ1 metabolites were distinguished in human and mouse liver microsomes, and the relative abundances of the ions of these metabolites in human and mouse liver microsomes are presented in [Figure 1C](#f1){ref-type="fig"}. Our data indicated that the major monohydroxylated-JQ1 metabolite (M1) was generated by oxidizing one site in the fused three-ring moiety of JQ1 ([Figure 2D](#f2){ref-type="fig"}), but we were not able to determine if hydroxylation occurred at one of the three methyl groups or the methane C6 position. M5 and M7, the second most abundant metabolites in human and mouse liver microsomes, respectively ([Figure 1C](#f1){ref-type="fig"}), also show monohydroxylation of the JQ1 fused three-ring moiety ([Figures 2D](#f2){ref-type="fig"}, [3B and D](#f3){ref-type="fig"}). We conclude that hydroxylation of the fused three-ring moiety comprises the primary metabolic pathway for JQ1 and the three methyl groups of this moiety are probable sites for oxidation. The precise identification of the major metabolic soft spot will be sought by synthesizing JQ1 variants modified at these positions; this work is ongoing. Once the exact site is known, medicinal chemists may be able to optimize the half-life of JQ1 by blocking the 'soft spot'. The synthesis would also enable the activity of the major metabolite to be evaluated. In our study, we found that human liver microsomes generated more debutylated- (M4), dihydroxylated- (M5) and monohydroxylated-debutylated JQ1 (M8) compared to mouse liver microsomes, which indicated species differences exist for these JQ1 metabolites. These species difference may help us understand the pharmacokinetics of JQ1 in vivo.

Using recombinant CYP450 isoenzymes, we showed that CYP3A4 is the primary enzyme contributing to the formation of metabolites M3--M6, M8, and M9. Multiple P450s were involved in the formation of metabolites M1 and M7, mainly CYP2Cs and CYP3A4. Metabolism in the presence of CYP3A4 inhibitor ketoconazole confirmed that the formation of M1--M9 is largely mediated by CYP3A4 in human liver microsomes ([Figure 4A](#f4){ref-type="fig"}). Since M2 was not produced by the recombinant CYP3A4 used in this study ([Table 2](#TB2){ref-type="table"}), other CYP450 enzymes that are inhibited by ketoconazole (such as CYP3A5 \[[@ref30]\]) are likely involved in M2 formation. Our findings with recombinant P450 enzymes ([Table 2](#TB2){ref-type="table"}) show that M1 can be made by six of the tested enzymes, and the role for enzymes other than CYP3A4 in generating M1 is confirmed by ketoconazole blocking only 79% of M1 production in human liver microsomes. We demonstrated that CYP2C19 contributes to M1 formation in human liver microsomes as nootkatone, a CYP2C19 inhibitor, suppresses M1 formation by 9%. Quercetin, a CYP2C8 inhibitor, inhibited M1 formation as effectively (78%) as the selective CYP3A4 inhibitor ketoconazole (79%). A previous report showed that quercetin can inhibit CYP3A4 with a 50% inhibition concentration of 1.97 μM \[[@ref31]\], so the role of CYP2C8 in M1 formation is not clear yet. Although recombinant CYP2C19 generated the metabolite M7 ([Table 2](#TB2){ref-type="table"}), CYP2C19 inhibitor has no effect on the formation of M7 in human liver microsomes (data not shown). These results suggested that CYP2C19 is able to generate M7 but has a limited role in JQ1 metabolism, perhaps because of low affinity for JQ1. Because the formation of M7 was suppressed over 98% by ketoconazole in human liver microsomes, CYP3A4 is the primary enzyme responsible for M7 formation. These results indicated that CYP3A4 has a great potential to mediate drug--JQ1 interaction and further affect the pharmacokinetics of JQ1. CYP3A4 inducers might significantly decrease JQ1 efficacy by increasing its clearance. Conversely, CYP3A4 inhibitors might increase its efficacy (e.g. contraceptive activity) by blocking JQ1 metabolism. In vivo studies are needed to evaluate the effect of altering CYP3A4 activity on JQ1 pharmacokinetics and efficacy.

![The formation of JQ1 metabolites in liver S9 fractions of WT and Cyp3a-null mice. S9 fractions were freshly prepared from WT and Cyp3a-null mouse liver. The incubation conditions of JQ1 in S9 fraction were detailed in experimental procedures. All samples were analysed by UHPLC-Q Exactive MS. (A) Role of CYP3A in the formation of M1--M3 and M5--M9. (B) Role of CYP3A in the formation of M4. Incubations with S9 fraction from WT and Cyp3a-null mice were performed in triplicates. The relative abundances of M1--M9 were set as 100% in S9 from WT mice, respectively. All data are expressed as mean (*n* = 3). N.D., not detected. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 vs WT.](ioaa043f5){#f5}

A previous study has shown that ketoconazole inhibits mouse Cyp3a \[[@ref32]\], so we evaluated the effect of ketoconazole on the formation of JQ1 metabolites in mouse liver microsomes, which could suggest how ketoconazole might alter CYP3A4 activity in mice and thus affect JQ1 pharmacokinetics and efficacy in mice. Ketoconazole displayed similar inhibitory patterns in human and mouse liver microsomes for metabolites M1--M3 and M5--M9 ([Figure 4B](#f4){ref-type="fig"}). However, only 80% of M4 formation was suppressed in mouse liver microsomes compared to 93% inhibition in human liver microsomes, suggesting that different enzymes may contribute to M4 formation in mouse liver microsomes than in human liver microsomes. Our data from the liver S9 fraction of Cyp3a-null mice confirm that Cyp3a is the dominant enzyme in the formation of M5--M9 ([Figure 5](#f5){ref-type="fig"}). However, M1 formation was only 35% suppressed in liver S9 from Cyp3a-null mice compared to WT counterpart ([Figure 5](#f5){ref-type="fig"}). As multiple enzymes contribute to M1 formation in WT microsomes, including CYP2C and CYP3A4, we expect that CYP2C may play a major role in M1 production in Cyp3a-null mice. Previous studies have shown that mRNA expression levels of Cyp2c29, Cyp2c39, Cyp2c50, Cyp2c55 and Cyp2c66 in Cyp3a-null mouse liver were significantly upregulated with 1.5-, 2.0-, 1.6-, 35- and 3-fold increase, respectively \[[@ref33], [@ref34]\]. Cyp2c55 was also highly upregulated at the protein level in the livers of Cyp3a-null mice compared with wild-type mice \[[@ref34]\]. It is known that mouse Cyp2c29 has a similar function to human CYP2C8; mouse Cyp2c39, Cyp2c50, Cyp2c55 and Cyp2c66 are similar to human CYP2C19 \[[@ref35]\]. Both human enzymes CYP2C8 and CYP2C19 contribute to M1 formation ([Table 2](#TB2){ref-type="table"}). We hypothesize that the formation of M1 in the liver S9 fraction of Cyp3a-null mice was only moderately suppressed compared to wild type because upregulation of Cyp2c-type enzymes associated with the knockout compensated for the loss of Cyp3a.

Together, these findings suggest that using a CYP3A4 inhibitor in wild-type mice might significantly slow JQ1 phase I metabolism and enhance JQ1 pharmacokinetics in vivo. By contrast, our results predict that JQ1 metabolism in *Cyp3a*-null mice will likely show compensation effects by which other enzymes contribute to rapid JQ1 metabolism. We therefore suggest that researchers seeking to enhance JQ1 half-life to study its effects in mice on BRDT and spermatogenesis (or on other JQ1 targets and activities) should co-administer JQ1 with a CYP3A4 inhibitor (such as ketoconazole or ritonavir). If the CYP3A4 inhibitor increases JQ1 exposure and efficacy in vivo, it would indicate that JQ1 phase I metabolism contributes significantly to loss of efficacy. The availability of multiple CYP3A4 inhibitors would make it possible to achieve such enhancement of JQ1 half-life with different co-administrations, thus controlling for the possibility of a second target being involved. If co-administration were to significantly extend the JQ1 half-life, it could impact the use of JQ1 as a probe for BRDT activity in spermatogenesis and as a probe for bromodomain protein function in other systems.

In summary, the metabolism of JQ1 in human and mouse liver microsomes was comprehensively investigated using LC-MS-based metabolomic approaches. This study distinguished a total of nine phase I metabolites of JQ1 ([Table 1](#TB1){ref-type="table"} and [Figure 6](#f6){ref-type="fig"}), and CYP3A4 is the primary enzyme contributing to the formation of these JQ1 metabolites in human liver microsomes. CYP3A4 and CYP2C contribute to the formation of the predominant monohydroxylated-JQ1 (M1). These findings will provide useful information for understanding how JQ1 metabolism may modulate its efficacy and for predicting possible drug--JQ1 interactions in future in vivo studies.

![Metabolic map of JQ1 in mice and liver microsomes. All structures were determined based on the exact mass (mass error less than 2 ppm), MS/MS fragments and previous metabolism information of JQ1.](ioaa043f6){#f6}
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